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ABSTRACT 


The  design  and  operational  characteristics  of  an  in-house-built 
5-cm-diam  Kaufman-type  ion  engine  that  was  used  to  evaluate  diagnostic 
methods  is  presented.  The  discharge  of  the  ion  engine  was  investigated 
and  analyzed  by  employing  various  types  of  material  probes.  The  emis¬ 
sive  probe  was  used  to  determine  the  beam  potential.  In  addition  the 
same  probe  was  used  as  an  ordinary  Langmuir  probe  to  determine  the 
electron  temperature  and  to  ascertain  the  ion  impingement  current 
density.  The  double  Langmuir  probe  was  also  used  to  determine  the 
electron  temperature  and  the  ion  impingement  current  density  so  that 
cross  correlation  between  probes  could  be  effected.  The  analytical  and 
experimental  results  are  compared  and  discussed.  During  the  course  of 
the  work  a  lateral  ion  probe  was  developed  to  determine  the  density  of 
ions  having  a  velocity  transverse  to  the  directional  velocity  of  the  exhaust. 
In  addition,  an  in-house -developed  instrument  is  described  which  auto¬ 
matically  reads  out  the  electron  temperatures,  thereby  obviating  tedious 
hand  calculations. 
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SECTION  l 
INTRODUCTION 


The  development  of  electrical  propulsion  devices  has  progressed  to 
the  point  where  extensive  testing  in  the  ground  test  facility  complex  for 
extended  periods  of  time  is  required  to  ascertain  their  reliability  and 
endurance-  Of  dictating  importance  is  the  ascertainment  of  component 
deterioration  under  extended  periods  of  operation  and  the  effect  of  this 
deterioration  upon  system  performance.  One  means  of  determining 
certain  variations  in  engine  performance  is  by  monitoring  the  exhaust 
efflux  of  the  engine  throughout  the  operating  lifetime.  Numerous  methods 
have  been  suggested  to  adequately  effect  ion  beam  diagnostics,  foremost 
among  which  are  the  complex  of  Langmuir  probes.  A  study  was,  there¬ 
fore,  initiated  to  ascertain  the  feasibility  of  using  a  number  of  different 
types  of  ion  beam  probes  to  perform  engine  exhaust  diagnostics  for  ex¬ 
tended  periods  of  time  under  laboratory  space  simulation  conditions  as 
described  in  Section  IV. 

The  purpose  of  this  report  is  to  summarize  the  analytical  and  experi¬ 
mental  work  that  has  been  conducted  in  effecting  ion  beam  diagnostics. 

The  measuring  techniques  that  were  used  centered  about  the  emissive  and 
double  Langmuir  probes  to  determine  electron  and  ion  current  densities, 
degree  of  beam  neutralization,  electron  and  ion  temperatures,  and  the 
interaction  of  the  energetic  exhaust  particles  with  the  probes  per  se.  To 
effect  comparison  and  correlation  among  the  different  probe  techniques, 
a  5-cm-diam  Kaufman-type  ion  engine  was  designed  and  constructed. 

During  the  course  of  the  work,  an  ion  probe  was  also  developed  to  meas¬ 
ure  radial  ion  velocities  and  current  densities  so  that  a  comparison  with 
the  current  density  in  the  direction  of  the  exhaust  could  be  made.  An 
automatic  means  for  direct  readout  of  electron  temperatures  was  devel¬ 
oped  to  expedite  electron  temperature  measurement,  thereby  obviating 
tedious  calculations.  The  results  of  the  work,  both  theoretical  and  experi¬ 
mental,  are  presented,  including  recommendations  for  future  developmental 
effort. 


SECTION  II 

PLASMA  POTENTIAL  MEASUREMENTS  USING  THE  ELECTRON  EMISSIVE  PROBE 


2.1  INTRODUCTION 

The  successful  operation  of  an  electrical  propulsion  device  employing 
an  electrostatically  accelerated  positive  ion  beam  requires  charge  neutral¬ 
ization  of  the  ion  beam.  One  simple  and  adequate  method  to  effect  charge. 
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and  ultimately  current,  neutralization  is  by  immersing  a  thermionic 
electron  emitter  into  the  ion  beam.  If  the  ion  engine  is  operated  in  space 
or  under  simulated  space  conditions  where  the  neutralizer  is  the  pre¬ 
dominant  source  of  negative  charge  carriers,  the  plasma  will  attain 
a  sufficiently  high  potential  with  respect  to  the  neutralizer  to  extract  the 
necessary  neutralizing  electrons.  Therefore,  a  sensitive  and  accurate 
measurement  of  plasma  potential  is  a  direct  indication  of  the  effective¬ 
ness  of  any  neutralization  scheme.  It  has  been  shown  (Refs.  1  through  5) 
that  the  electron  emissive  probe  is  an  accurate  means  for  measuring  the 
plasma  potential  of  a  neutralized  positive  ion  beam  from  an  ion  engine. 


2.2  GENERAL  THEORY 


The  emissive  probe  basically  consists  of  a  U-shaped  tungsten  filament 
heated  to  thermionic  temperature  and  inserted  into  the  ion  beam  at  the  point 
where  plasma  potential  is  to  be  sensed.  The  probe  is  biased  through  a 
range  of  voltages  and  the  probe  current  recorded  at  each  bias  setting. 
Plasma  potential  is  determined  by  a  pronounced  break  point  in  the  voltage 
bias-probe  current  characteristic  as  the  bias  voltage  is  varied  through 
a  range  of  values  including  the  plasma  potential.  The  details  of  the  probe 
construction  are  shown  in  Fig.  1  and  an  ideal  characteristic  is  shown  in 
Fig.  2.  The  probe  emission  characteristics,  as  a  function  of  bias  voltage, 
are  described  in  three  separate  regions: 


1.  With  the  probe  biased  strongly  negative,  with  respect 
to  plasma  potential,  the  emission  is  ideally  governed 
by  the  Richardson-Dushman  equation: 

iP  - 


(2.  1) 


2.  With  the  probe  biased  near  the  plasma  potential,  the 
emission  current  is  space  charge  limited  and  is 
governed  by  Child's  law; 

ip  =  K j  V 0  (2.2) 

where  K2  is  a  geometric  constant  for  a  constant  positive 
ion  current  density  and  neutralizing  electron  current 
density. 

3.  With  the  probe  biased  positively  with  respect  to  plasma 
potential,  the  emission  is  governed  by  the  Maxwell - 
Boltzmann  temperature  distribution  of  the  thermionic 
electrons: 

ip  -  i0  exp  <2-  3) 
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where  iQ  is  the  probe  current  when  the  probe  bias  equals 
plasma  potential  and  T  is  the  temperature  of  the  emitted 
electrons. 

To  obtain  the  true  characteristic  of  the  emissive  probe,  the  currents 
caused  by  ion  impingement  and  the  "Langmuir"  current  of  electrons  must 
be  subtracted  from  the  total  probe  current  to  yield  the  true  emission  cur¬ 
rent.  Since  the  cross-sectional  area  of  the  probe  is  quite  small,  the  ion 
impingement  current  is  extremely  low  and  may  be  neglected. 

A  procedure  for  subtracting  the  "Langmuir"  current  from  the  total 
probe  current,  outlined  in  Ref.  2,  was  employed  in  the  present  investiga¬ 
tion.  With  the  probe  biased  negatively  with  respect  to  plasma  potential, 
the  probe  heating  current  was  adjusted  until  the  emitted  electron  current 
was  small  compared  to  the  total  ion  beam  current.  The  total  probe  cur¬ 
rent  was  recorded  at  this  bias  level.  The  heater  current  was  then 
reduced  until  the  probe  was  no  longer  thermionic  and  a  value  of  the 
"Langmuir"  current  at  the  same  bias  recorded.  The  procedure  of  record¬ 
ing  total  probe  current  then  "Langmuir"  current  is  repeated  for  each  bias 
point  until  the  entire  probe  characteristic  is  obtained, 


2.3  EXPERIMENTAL  APPARATUS  AND  PROCEDURES 

The  emissive  probe  was  traverse -mounted  in  the  bell  jar  test  rig 
shown  in  Fig.  3  and  described  in  Section  IV.  The  traverse  allowed  radial 
and  axial  positioning  of  the  probe.  All  the  data  were  obtained  using  argon 
as  the  propellant  gas.  The  beam  current  was  adjusted  to  20  ma  and  the 
net  beam  acceleration  potential  was  held  at  2000  v.  The  test  cell  pressure 
was  typically  1  x  10 torr  with  the  ion  engine  operating. 

The  values  of  probe  bias  and  plasma  potential  were  referenced  to 
laboratory  "ground.  "  The  ion  beam  was  terminated  on  an  electrically 
floating  stainless  steel  plate.  For  this  condition  of  operation,  the  neutral¬ 
izer  furnished  virtually  all  the  neutralizing  charge  carriers.  For  a  well 
neutralized  beam  the  plasma  potential  closely  follows  the  positive  neutral¬ 
izer  bias  values  so  that  the  approximate  value  of  plasma  potential  is  known 
before  any  probe  data  are  recorded.  To  provide  equipotential  emitting 
surfaces  for  both  the  neutralizer  and  the  emissive  probe,  the  heater  cur¬ 
rents  of  both  were  supplied  by  in-phase,  half-wave- rectified  pulses  with 
the  probe  data  taken  during  the  interval  between  pulses.  A  schematic  of 
the  equipment  used  to  record  Langmuir  and  emissive  probe  characteristics 
is  shown  in  Fig.  4. 
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Langmuir  probe  characteristics  were  taken  with  the  probe  heater 
current  reduced  to  a  value  such  that  the  probe  was  not  emissive.  The 
velocity  distribution  of  the  neutralizing  electrons  was  assumed  to  be 
Maxwellian  since  the  characteristics  obtained  exhibited  a  linear 
relationship  between  the  logarithm  of  probe  current  versus  probe 
bias  in  the  region  described  by: 

ip  =  >r  exp  ( - V<£ )  (2.4) 

where  ir  is  the  plasma  random  electron  current. 

When  the  emissive  probe  is  switched  to  position  3  (Fig.  4),  the  probe 
is  essentially  isolated  from  ground  and  assumes  a  floating  potential  that 
is  very  near  the  plasma  potential.  This  floating  emissive  probe  device  is 
particularly  interesting  since  indications  of  plasma  potential  can  be  read 
out  directly  on  a  voltmeter,  eliminating  the  necessity  of  analytical  inter¬ 
pretation  of  the  probe  volt-ampere  characteristics. 

The  problem  of  accurately  determining  the  plasma  potential  was 
approached  by  correlating  the  data  as  obtained  from  the  cool-filament 
emissive  probe  (used  as  a  Langmuir  probe),  the  biased  emissive  probe, 
and  the  floating  emissive  probe. 


2.4  DISCUSSION  OF  RESULTS 

A  study  was  conducted  to  determine  the  effects  of  probe  contaminants 
on  interpretation  of  Langmuir  probe  characteristics.  Small  amounts  of 
diffusion  pump  oil  vapors  were  found  to  condense  on  cool  surfaces  within 
the  vacuum  system,  and  a  probe  was  considered  to  be  contaminated  if  left 
in  the  vacuum  system  at  room  temperature  for  several  hours.  The  probes 
were  cleaned  by  heating  to  approximately  2000°C  for  several  minutes  and 
then  allowing  them  to  cool  before  a  Langmuir  probe  characteristic  was 
taken.  The  characteristics  shown  in  Fig.  5  are  typical  of  the  comparison 
of  the  clean  and  contaminated  probes,  and  it  can  be  seen  that  the  inter¬ 
preted  values  of  plasma  potential  agree  within  several  tenths  of  a  volt 
even  though  the  probe  current  for  the  clean  condition  was  the  larger 
throughout  the  Langmuir  probe  characteristic  region  of  interest. 

Several  Langmuir  probe  characteristics  were  taken  for  identical  ion 
beam  conditions  but  for  different  probe  temperatures.  Figure  6  illustrates 
the  effect  of  temperature  on  the  Langmuir  probe  characteristics.  It  can 
be  seen  that  in  the  region  in  which  the  probe  was  biased  negatively  with 
respect  to  plasma  potential,  the  probe  currents  differed  widely  as  a  func¬ 
tion  of  temperature.  This  fact  made  it  quite  difficult  to  follow  the  pro¬ 
cedure  set  forth  in  Ref.  2  and  outlined  in  Section  2.  1  concerning  the 
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subtraction  of  the  Langmuir  current  from  the  total  probe  current  to  yield 
the  true  emission  characteristic  of  the  emissive  probe.  After  a  data 
point  was  obtained  with  the  probe  at  emission  temperature,  it  was  quite 
difficult  to  return  the  probe  to  the  same  temperature  as  the  previous 
Langmuir  probe  data  point.  Changes  in  the  Langmuir  probe  current 
from  data  point  to  data  point  as  a  function  of  probe  bias  could  not  be 
accurately  obtained  because  of  the  temperature  effect.  Subsequent  emis¬ 
sive  probe  data  were  obtained  with  emission  currents  greater  than  the 
collected  Langmuir  current  of  electrons,  and  no  further  attempts  were 
made  to  subtract  the  Langmuir  current  from  the  total  probe  current. 

Emissive  probe  characteristics  were  obtained  for  a  wide  range  of 
ion  beam  densities  and  beam  energies,  for  a  wide  range  of  plasma 
potentials,  and  for  a  wide  range  of  emissive  probe  temperatures.  All 
characteristics  exhibited  a  slope  in  region  1  shown  in  Fig.  2  and  did  not 
ideally  obey  the  Richardson-Dushman  equation.  A  procedure  was  devised 
to  investigate  the  nature  of  the  probe  emission  in  this  region.  The  probe 
was  first  brought  to  an  equilibrium  temperature  as  measured  with  an 
optical  pyrometer.  With  all  other  ion  beam  parameters  held  constant,  the 
ion  engine  neutralizer  bias  was  successively  switched  between  three  dif¬ 
ferent  neutralizer  bias  voltages  for  a  certain  emissive  probe  bias.  In  this 
manner  the  total  accelerating  voltages  as  experienced  by  the  emitted  elec¬ 
trons,  V^,  could  be  rapidly  varied  with  assurance  that  engine  operation  and 
other  ion  beam  parameters  were  essentially  constant.  The  values  of  plasma 
potential  closely  followed  the  bias  placed  on  the  neutralizer  as  explained  in 
Section  2.  2.  Figure  7  shows  that  the  probe  emission  was  temperature 
dependent,  as  expected,  and  seemed  to  be  linearly  dependent  upon  , 
which  was  not  expected.  A  re-examination  of  Fig.  6,  for  the  same  bias 
region  of  the  Langmuir  probe  characteristic,  also  revealed  a  linear  de¬ 
pendence  of  probe  current  upon  in  the  region  in  wrhich  the  probe  bias  is 
strongly  negative  with  respect  to  plasma  potential.  This  departure  of  the 
emitted  electron  current  from  that  predicted  by  the  Richardson-Dushman 
equation  for  the  emissive  probe  is  possibly  caused  by  surface  contamina¬ 
tion  of  the  tungsten  filament  which  is  not  remedied  by  the  high  tempera¬ 
ture  cleaning  procedure  described  above  in  Section  2.  3.  Surface  contami¬ 
nation  of  the  probe  filament  was  evidenced  by  levels  of  thermionic  emission 
much  greater  than  that  tabulated  for  clean  tungsten  surfaces  (Ref.  6).  With 
the  electron  emission  at  least  an  order  of  magnitude  greater  than  the  col¬ 
lected  Langmuir  current,  at  probe  bias  levels  close  to  the  plasma  potential, 
and  with  the  probe  current  attributable  to  ion  impingement  being  negligibly 
small  because  of  the  small  area  of  the  probe  filament,  typical  emissive 
probe  characteristics  appeared  as  shown  in  Fig,  8.  Regions  2  and  3  corre¬ 
spond  to  the  same  regions  on  Fig.  2;  however,  Region  1  of  Fig.  8  and  Fig.  2 
differ  as  explained  above. 
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A  series  of  probe  characteristics  was  recorded  to  compare  the 
values  of  plasma  potential  as  indicated  by  the  biased  emissive  probe,  the 
floating  emissive  probe,  and  the  Langmuir  probe.  Figure  9  contains  the 
data  obtained  with  a  biased  emissive  probe  and  a  Langmuir  probe  for  a 
neutralizer  bias  of  6.  253  v.  Within  the  accuracy  of  graphical  interpreta¬ 
tion,  the  value  of  plasma  potential  as  indicated  by  the  two  probe  character¬ 
istics  is  seen  to  compare  favorably.  The  floating  emissive  probe  indica¬ 
tion  of  plasma  potential  was  7.  4  v.  Figure  10  is  a  comparison  of  probe 
characteristics  for  a  neutralizer  bias  of  23.  69v.  Again  the  two  probe 
indications  of  plasma  potential  are  seen  to  compare  favorably.  The  float¬ 
ing  emissive  probe  indication  of  plasma  potential  was  25  v. 

Proper  plotting  of  the  Langmuir  probe  characteristics  should  take  into 
account  the  contribution  to  the  total  probe  current  by  positive  ion  impinge¬ 
ment.  However,  as  can  be  deduced  from  Fig.  6  an  evaluation  of  ion 
impingement  current  would  be  somewhat  arbitrary  because  of  the  electron 
emission  process  discussed  previously.  A  calculation  of  ion  impingement 
current  considering  the  total  ion  beam  current,  relative  beam  density  pro¬ 
files,  and  the  probe  surface  area  showed  that  actual  ion  impingement  cur¬ 
rents  should  be  small  compared  to  the  current  of  collected  electrons  in 
the  probe  bias  region  described  by  the  Maxwell -Boltzmann  relation. 

Probe  characteristics  were  recorded  as  the  plasma  potential  was  varied 
through  a  range  of  values  from  6  to  50  v  and  total  ion  beam  current  was 
varied  from  10  to  50  ma.  The  characteristics  shown  in  Figs.  9  and  10  are 
typical  of  the  data  recorded. 


2.5  CONCLUSIONS 

The  determination  of  plasma  potential  using  the  probe  shown  in  Fig.  1 
as  both  a  Langmuir  and  an  electron  emissive  probe  was  hampered  because 
of  a  V<£  dependent  electron  emission  effect  in  the  bias  region  in  which  probe 
bias  was  negative  with  respect  to  the  plasma  potential.  This  emission  effect 
caused  emissive  probe  emission  characteristics  different  from  that  pre¬ 
dicted  by  the  Richards  on- Dushman  equation.  The  effect  also  obscured  inter¬ 
pretation  of  ion  impingement  current  with  the  Langmuir  probe.  Fortunately, 
however,  for  interpretations  of  plasma  potential  the  effect  was  not  noted 
in  either  the  Langmuir  or  the  emissive  probe  characteristics  as  the  probe 
bias  approached  and  surpassed  the  plasma  potential.  Interpretations  of 
plasma  potential  by  the  biased  emissive  probe  and  the  Langmuir  probe  were 
found  to  agree  to  within  several  tenths  of  a  volt.  The  floating  emissive 
probe  indications  of  plasma  potential  were  consistently  from  1  to  l-l/2v 
above  the  values  indicated  by  the  other  two  probes. 
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SECTION  111 
DOUBLE  PROBE 


3.1  INTRODUCTION 

Since  the  single  probe  interacts  with  the  beam  by  extracting  additional 
electrons  from  the  neutralizer  when  the  probe  is  positively  biased,  the 
double  probe  developed  by  E.  O.  Johnson  and  L.  Malter  (Ref.  7)  and 
extended  by  L.  D.  Dickson  (Ref.  8)  was  employed  for  obtaining  the  beam 
volt-ampere  characteristic.  The  beam  characteristic  was  compared  to 
that  obtained  from  a  gas  discharge.  Five  different  methods  were  used  to 
determine  the  beam  electron  temperature  from  a  typical  beam  double 
probe  volt- ampere  characteristic.  An  electronic  circuit  was  developed 
to  continuously  monitor  the  beam  electron  temperature. 

As  with  the  single  Langmuir  probe,  operation  of  the  double  probe  is 
based  upon  the  Boltzmann  relation  and  the  plasma  sheath  properties  of  a 
gas  discharge.  As  will  be  shown  later,  the  beam  double  probe  character¬ 
istic,  BDPC,  is  identical  to  that  of  a  gas  discharge  in  which  the  distribu¬ 
tion  of  electrons  is  Maxwellian.  The  distribution  of  electrons  for  an  ion 
engine  is  an  accelerated  half- Maxwellian.  Electrons  are  thermally  emitted 
from  the  neutralizer  electrode  in  a  Maxwellian  distribution.  The  neutralizer 
is  biased  at  a  small  positive  potential.  The  beam  then  assumes  a  potential 
several  volts  more  positive  than  the  bias  voltage  so  that  the  beam  can  ex¬ 
tract  enough  electrons  to  become  neutralized.  The  electrons  are  immediately 
accelerated  by  this  small  voltage  difference  longitudinally  in  the  direction 
of  ion  flow  and  they  then  drift  with  the  ion  flow.  This  action  gives  rise  to 
electrons  with  energies  of  several  electron  volts  or  temperatures  in  the 
10,000°K  range. 

Because  the  ions  are  accelerated  through  hundreds  of  volts,  they  are 
energetic  enough  to  be  unaffected  by  the  small  probe  bias.  Therefore,  a 
positive  ion  sheath  does  not  exist  about  the  double  probe  as  exists  about 
the  single  probe.  However,  the  energetic  ions  that  impinge  upon  the  probe 
surface  release  secondary  electrons  from  the  surface. 


3.2  THEORY  OF  DOUBLE  PROBE 

The  double  probe  is  composed  of  two  identical,  closely  spaced  single 
probes.  A  potential  difference,  Vd,  is  applied  between  the  two  probes, 
and  the  resulting  current  id  is  measured  (Fig.  11). 

For  simplicity,  without  undue  sacrifice  in  accuracy,  the  following 
assumptions  can  be  made:  the  probes  are  equal  in  area,  no  differences 
in  the  ionized  discharge  exist  within  close  proximity  to  the  probes,  and 
Vd  has  no  effect  on  the  ion  current  of  the  system. 
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Then  when  Vci  is  zero,  each  probe  will  collect  zero  net  current  from 
the  plasma,  and  both  probes  will  assume  floating  potential.  The  current 
id  is  then  zero  since  there  is  no  net  potential  existing  in  the  loop.  This 
condition  corresponds  to  point  zero  on  the  curve  of  Fig.  12. 

When  Vd  is  some  small  negative  voltage,  the  probe  potentials  with 
respect  to  the  plasma  must  adjust  themselves  so  that  the  basic  current 
relations  are  still  satisfied.  When  probe  1  is  closer  to  plasma  potential 
and  collects  more  electrons,  probe  2  is  farther  from  plasma  potential 
and  collects  fewer  electrons.  The  added  electrons  flowing  from  probe  1 
pass  through  the  circuit  to  supply  the  deficiency  at  probe  2.  This  condi¬ 
tion  corresponds  to  point  A  on  Fig.  12. 

As  Vd  is  made  still  more  negative,  probe  1  is  closer  to  space 
potential  and  collects  the  entire  electron  current  to  the  system  since 
probe  2  is  so  highly  negative  with  respect  to  the  plasma  that  no  electrons 
can  reach  it.  Half  the  electrons  reaching  probe  1  then  pass  through  the 
external  circuit  to  probe  2.  This  corresponds  to  point  B  on  Fig.  12. 

Making  Vd  more  negative  should  cause  no  further  change  in  the  cur¬ 
rent  distribution  because  probe  1  already  collects  sufficient  electron 
current  to  balance  the  entire  positive  ion  current  flowing  to  the  system. 
Consequently,  probe  1  remains  fixed  with  respect  to  the  plasma,  and  probe 
2  goes  negative  with  Vd*  Probe  2  is  now  saturated  with  positive  ions  and 
the  curve  in  Fig.  12  should  become  flat  along  the  region  xy  because 
further  increases  in  voltage  should  cause  no  further  increase  in  current. 
However,  because  of  ionization  of  residual  gases  and  emission  of  sec¬ 
ondary  electrons  from  the  probes  by  ion-surface  interactions,  the  voltage- 
current  curves  have  a  slight  slope  at  the  extremes. 


3.3  DETERMINATION  OF  ELECTRON  TEMPERATURE 

Since  the  system  is  symmetric,  a  reversal  of  Vd  to  positive  will 
merely  cause  the  previous  results  to  be  reversed.  The  portion  of  the 
curve  oyx  becomes  ozw.  The  relatively  flat  portion,  zw,  corresponds 
to  the  positive  ion  impingement  at  probe  1.  The  total  ion  current  to  the 
system  is  simply  the  sum  of  the  positive  ion  currents  to  both  probes  and 
can  be  found  by  adding  the  two  currents  corresponding  to  points  y  and  z 
of  the  curve.  Thus: 

Sip  =  iPi  +  iPj  {3.  i) 

The  electron  current  which  flows  from  the  plasma  to  probe  2  is  the 
difference  between  the  total  space  current  and  the  positive  ion  current  to 
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the  probe.  Thus,  the  electron  current  to  probe  2  is  expressed  as: 


(3.2) 


Since,  for  any  given  V^,  the  total  current  to  the  system  must  be 
zero: 

ip  +  In  —  i.ir,  =  ie  +  i ,  (3.  3) 

*1  r  1  2 

where  ie^  is  the  electron  current  caused  by  the  electrons  which  are  suf¬ 
ficiently  energetic  to  overcome  the  retarding  potential  on  the  probe. 

This  current  is  expressed  by  the  Boltzmann  relation: 


'ex  =  i0l  exp  >0,  exp 

where  iD^  is  the  random  electron  current  adjacent  to  probe  1. 
Similarly, 


Then 


where 


>e2  =  i<>2  exp  (-<£VS) 


cr  =  —  andVd  =  \\  -  Va 

]Oj 


__E-  -  1  =  -rlh  exp  [  -6{  V,  -  V,)]  =  a  exp  (-<£Vd) 
loa 


Thus  the  plot  of  In 


fe-i 


-  Ino  -  <£\’d 


(3.4) 


(3.5) 

(3.6) 


(3.  7) 


versus  should  yield  a  straight  line 


whose  slope  is  a  measure  of  the  electron  temperature.  This  method  of 
determining  Te  is  known  as  the  logarithmic  plot  method. 


3.4  ELECTRON  TEMPERATURE  DETERMINATION  BY  OTHER  METHODS 

Since 

*ip 

I  g  — 

1  +  a  exp  ( — <p V d  ) 


differentiate  ie ^  with  respect  to  V^. 


_ exp  (~0Vd  ) 

dVd  {  (1  +cr)  exp  <  — Vd  )  ] 

at  Vd  =  0 


(3.8) 

(3.9) 
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e  * 


LdVjJ 


- 

dVd 

v  j  =  o  L  d-lvj=o 


(7d)I.ip 
(ff  +  l)2 


(3. 10) 


dVd 


Let  R0  =  — -  =  equivalent  resistance 


di 


so  that 


crSiD 

=  11,600  - 2 — 

‘  Ja  +  1 


Ro 


(3. 11) 


This  method  of  determining  Te  is  known  as  the  equivalent  resistance 
method. 

A  general  approximation  for  Te  can  be  obtained  for  probes  of  equal 
area  since  then  Sip  =  2ipo  and  o=  1  (iQj  =  io2) 


Tr  = 


11,600  (  1  ) 


=  5800V, 


(3. 12) 


where 


H..  V'"° 


fo 

\'r 


P„  ~  ^  'P, 


Equation  (3.7)  can  again  be  rearranged  as 


vd  -  ~  ~r  ln 
9 


1  /I 


if  \'e3 


(3.  13) 


£  i 

Now  let  be  the  value  of  which  corresponds  to  — -  =  D,  and  let 

1  «i 


Vd'  be  the  value  of  Vd  which  corresponds  to  —  =  F  where  D  and  F  are 
arbitrarily  in  region  yoz  near  y  and  z  in  Fig.  12. 

Then 


Te  =  11,600 


\'a  -  V, 


This  is  known  as  the  intercept  method  of  determining  Te. 

Again  consider  Eq.  (3.  8)  with  a  unity  rearranged  as: 

2ir 


(3.  14) 


-  1  =  exp  (-<£V<j) 


(3. 15) 


Since  for  symmetrical  probes,  ipi  =  ip2  =  ip;  Xip  =  2ip  and  ie2  =  i^  +  ip 
then 

’p  ■*"  ld  /  ,,,  , 

- - —  =  exp(-^Vd)  (3.16) 
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h  +  4^-\ 

1/2  In  [  'p  -  1/2  $\'d 

VtJ 

(3.  17) 

tanh-1  =  1/2  <fa\' d 

(3.  18) 

2  tanh  1 

j,  VP/  11,600 

vd  Te 

(3.  19) 

T  5800  Vd 

(ii-) 

(3. 20) 

This  is  known  as  the  hyperbolic  tangent  method  of  determining  Te. 

The  ideal  double  current -voltage  characteristic  function  is  given  by 
the  equation 

=  tanh  or  Y  -  tanh  X 

(3.21) 

where 

x  -  ^l4--  2kTe  y  - ;; 

(3.22) 

A  plot  of  Eq.  (3.21)  is  given  in  Fig.  13. 


The  ideal  electron  current  plot  for  the  double  probe  is  given  by  rear¬ 
ranging  Eq.  (3.  15)  as 


a  ’ 

2 

*  »p  (fr 

')  e*P  ( 

^Vd) 

*P  1  +  exp  j 

(-4) 

1  eXP(<i62<1)  *  eXP  (' 

coshi 

b) 

(3.23) 


then 

or 

where 

and 


l/2<£Vd  -  In  cosh  (l/2<£Vd) 


Y  .  X  -  In  coshX 


X  =  (l/2«£Vd) 

A  plot  of  Eq.  (3.25)  is  given  in  Fig.  14. 


(3.24) 

(3.25) 
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3.5  Te  OF  THE  ION  SOURCE 

The  double  probe  voltage -current  characteristic  of  Pig.  12  was 
obtained  from  a  double  probe  inserted  in  the  exhaust  of  the  5-cm  elec¬ 
tron  bombardment  ion  engine,  described  in  Section  4.  2,  operated  at 
10-ma  emission.  The  acceleration  and  deceleration  grids  were  at 
+  2000  and  -400  v,  respectively,  and  the  neutralizer  was  biased  at  6.0v. 
The  electron  temperature,  Te,  of  the  exhaust  was  computed  from  the 
characteristic  as  follows; 


(a)  Equivalent  Resistance  Method 
Te  =  11,600 


I  RVdj 

_(o+l)2J  UJVd=0 

600  f1  ^  2-85  +  2-60)  *  I0~6~|  [~  7v  "j 

L  ( i  + 1  )5  J  L3-4 « io~*j 


=  32,600°K 

(b)  Approximation  Method: 

Te  =  5800 Vp  -  5800(6)  ==  34,800°K 

(c)  Intercept  Method; 


at  D, 


at  F, 


Te  =  11,600 


Vj  -  VJ 


In 


Sip  =  5.40  ma 
Vd"  -  4  v 
iej  "  =  4.4  ma 
Sir  " 


D  = 


=  1.23 


D  ~  1  =  0,23 


Sip  =  5.40  ma 
Vd'  =  -4  v 


i g2  '  —  0.85  ma 


F  =  =  6.35 


F  -  1  =  5.35 
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Te  =  11,600 


(d)  Tanh“l  Method: 


i-  (~*)~|  =  _Ut600  (&)  =  29t500°K 
,  /5.35\  In  23 

L'"  \pT23/J 


Te  = 


5800  Vd 


5800  (4) 


tanh 


-  (*fe) 


at  D  =  28.70CPK 


(e)  Log  Plot  Method; 


The  in  plot  of 


-  1 


ve rsus 


/Si, 


voltage  is  plotted  in  Fig.  15.  At  Av  equals  2.  73  v,  equals  2.  7 

\  le2 


11,600  X  slope  =  11,600  X  2.7  =  31,300°K 


The  experimental  electron  current  plots  for  the  double  probe  are  com¬ 
pared  to  the  theoretical  plot  in  Fig.  14.  The  electron  currents  in  the  ion 
beam  are  very  close  to  the  theoretical  values  for  a  Te  of  32,  000°K. 


Since  the  effective  area  of  each  probe  of  the  double  probe  is  approxi¬ 
mately  0.  052  in.  2,  and  the  ion  saturation  current  is  approximately 
3  pamp,  the  beam  ion  density  is  about  4.25  juamp/in.  2.  The  theoretical 
density  of  the  5-cm  engine  at  10-/jamp  emission  is  3.  33  ^uamp/in.  2,  The 
higher  experimental  value  is  reasonable  since  the  emission  is  not  homo¬ 
geneously  distributed,  and  the  probe  is  in  the  center  of  the  beam.  The 
experimental  ion  beam  density  profile  is  shown  in  Fig.  16.  The  twin  peaks 
near  the  source  correspond  to  the  geometry  of  the  engine  neutralizer. 


3.6  AUTOMATIC  ELECTRON  TEMPERATURE  DETERMINATION 

Te  maybe  determined  electronically  from  the  equivalent  resistance 
method.  Let  Vj±  corresponding  to  dVd  be  a  small  voltage  source  such 
that  point  A  is  in  the  region  o-z;  then  i^  corresponds  to  di^.  Also,  let 
Vg  be  large  such  that  point  B  is  in  the  region  z-w;  then  ig  remains 
essentially  constant  for  increasing  voltages  and  corresponds  to  l/22ip. 
Then  Te  becomes  5800  -y  • 

The  impressed  voltage  between  the  probes  is  chopped  between  and 
Vg  as  shown  in  Fig.  17.  The  IR  drop  across  R0  is  a  square-wave  voltage 
with  peaks  and  eg  proportional  to  and  ig.  This  square  wave  is 
isolated  from  ground  through  a  pair  of  isolation  amplifiers  and  boosted 
through  a  high  gain  amplifier.  The  signals  are  then  recovered  through  a 
reverse  chopper  and  filter  circuit  that  splits  the  square  wave  into  two  d-c 
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voltages  of  amplitudes  and  eg.  The  ratio  of  the  two  voltages  is  then 
obtained  through  a  Hall-effect  magnetoresistance  bridge,  MRB,  multi¬ 
plier  circuit  with  a  proportionality  constant  introduced  so  that  the  output 
is  a  direct  reading  of  Te. 

The  MRB  output  voltage  Z  is  equal  to  the  product  of  the  inputs  X  and 

Y  and  a  proportionality  constant  K  as  shown  in  Fig.  18.  Since 

Y  =  e^  -  e£  and  X  =  eg  -  Az;  X  can  be  derived  as  a  function  of  e^,  eg, 
and  eQ  from: 

X  ~  1  +  AKe  ~  AKe  (3*  26) 

A  C 

By  setting  the  feedback  amplifier  gain  A  equal  to  l/K  and  equal  to 
unity,  X  =  4s-  ■ 

A 

The  composite  circuit  schematic  is  shown  in  Fig.  19.  The  circuit 
was  constructed  around  the  Philbrick  operational  manifold  MP  using 
P65AU  amplifiers  with  the  current  gain  necessary  to  drive  the  MRB  being 
supplied  by  two  P2-P5  pairs.  The  MRB  was  the  American  Aerospace 
Controls,  Inc.,  3054  Mistor®. 


3.7  CONCLUSIONS 

The  instrument  is  used  to  monitor  the  exhaust  of  the  5-cm  ion  engine 
with  the  recorded  Te  usually  agreeing  within  ten  percent  of  the  mean 
values  obtained  with  the  more  laborious  and  time  consuming  methods  and 
analytical  interpretations  discussed. 

Values  of  at  1 . 35  v  and  Vg  at  22.  5  v  were  found  to  be  satisfactory 
for  all  ranges  of  engine  operation. 


SECTION  IV 

EXPERIMENTAL  ENGINE  DESIGN  AND  PERFORMANCE  EVALUATION 


4.1  GENERAL  DESCRIPTION 

This  section  of  the  report  is  concerned  with  the  design,  construction, 
and  evaluation  of  engine  operating  characteristics  of  the  laboratory-type 
electron  bombardment  ion  source.  A  brief  description  of  the  diagnostic 
devices  used  to  obtain  the  ion  beam  characteristics  is  also  included. 
Although  the  superior  performance  characteristics  of  electron- 
bombardment -type  engines  larger  than  the  5-cm-diam  engine  are  well 
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documented  (Refs.  9  and  10),  the  deciding  factor  in  the  design  of  this 
particular  engine  was  that  the  engine  size  be  compatible  with  an  existing 
bell-jar  vacuum  system. 

The  experimental  evaluation  of  the  engine  performance  will  be 
discussed  in  the  following  order: 

1.  Gas  Distributor  Performance 

2.  Magnetic  Field  Characteristics 

3.  Ionization  Chamber  Performance 

4.  Cathode  Performance 

5.  Accelerator  Performance 

6.  Neutralizer  Performance 

7.  Overall  Engine  Power  Efficiency 

4.2  APPARATUS  AND  PROCEDURE 

A  5-cm-diam  ion  engine  (Fig.  20)  was  constructed  and  a  schematic 
diagram  of  the  engine  and  associated  power  supplies  is  shown  in  Fig.  21. 
The  engine  was  fabricated  from  type  347  stainless  steel  except  for  the 
electrical  insulators,  the  refactory  metal  cathode  and  neutralizer  (Refs.  9, 
10,  11,  12,  13,  and  14).  Although  engine  operation  is  possible  with  virtu¬ 
ally  any  propellant  gas  or  vapor,  argon  was  used  for  all  the  experiments 
that  are  discussed  even  though  nitrogen  and  hydrogen  have  also  been  used 
for  comparative  performance  evaluation.  The  propellant  gas  flow  rate, 
controlled  by  means  of  a  calibrated  orifice,  passes  through  the  distribu¬ 
tor  (Fig.  21)  into  the  ionization  chamber,  which  consists  of  a  5-cm-diam 
cylindrical  anode  and  a  thermionic  cathode  coaxial  with  the  anode.  Elec¬ 
trons,  emitted  from  the  cathode,  are  accelerated  by  the  anode-cathode 
potential  difference  and  ionize  the  propellant  particles.  A  solenoidal  wind¬ 
ing  surrounding  the  ionization  chamber  provides  an  axial  magnetic  field 
which  increases  the  path  of  electron  travel  from  cathode  to  anode  thereby 
enhancing  the  probability  of  a  collision  with  neutral  propellant  particles. 

Ionization  collisions  with  the  neutral  particles  create  a  plasma  within 
the  chamber  with  some  of  the  positive  ions  tending  to  diffuse  or  drift  to 
the  area  of  the  screen.  An  electric  field  is  established  between  the  screen 
and  accelerator,  and  ions  in  this  region  are  accelerated  through  the  match- 
arilled  holes  to  form  the  ion  beam.  The  spacing  between  the  screen  and 
accelerator  can  be  varied  by  changing  the  size  of  spherical  aluminum  oxide 
spacers.  In  this  way,  the  total  screen-accelerator  voltage  is  variable  up 
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to  6000  v.  The  accelerator  voltage  is  usually  set  to  a  value  to  provide 
minimum,  beam  divergence,  but  in  all  cases  the  magnitude  of  the  nega¬ 
tive  voltage  is  of  a  sufficient  value  to  prevent  electron  backstreaming 
through  the  accelerator.  The  separation  distance  between  the  screen 
and  accelerator  was  set  at  5/32  in.  for  all  presently  discussed  data. 

The  positive  ion  beam  issuing  from  the  accelerator  grid  is  neutralized 
by  electron  emission  from  a  U-shaped  0.  019-in.  -diam  tungsten  wire 
heated  to  thermionic  emission  temperature  and  immersed  in  the  beam. 

Seven  power  supplies  are  used  to  furnish  power  to  the  engine. 

Three  of  the  supplies,  providing  voltages  referenced  to  the  voltage 
level  of  the  anode,  are  the  magnetic  field  supply,  the  cathode  heater 
supply,  and  the  anode-cathode  supply.  The  positive  and  negative  high 
voltage  supplies  and  the  neutralizer  bias  supply  are  referenced  to  lab¬ 
oratory  '‘ground."  The  neutralizer  heater  supply  is  referenced  to  the 
positive  side  of  the  neutralizer  bias  supply.  The  direct-current  supplies 
are  not  regulated  but  are  filtered  to  the  extent  that  ripple  voltage  is  one 
percent  or  less  at  usual  operating  levels. 

The  engine  was  mounted  in  a  15-in.  -diam,  glass,  bell-jar  pipe  sec¬ 
tion  which  was  evacuated,  through  a  20-in.  gate  valve,  by  a  20-in.  oil 
diffusion  pump  (Fig.  3).  A  3-hp  mechanical  pump  was  properly  valved 
to  serve  as  either  a  roughing  pump  or  finishing  pump.  The  diffusion 
pump  was  fitted  with  a  refrige  rant -cooled  baffle  to  minimize  backstream¬ 
ing  of  diffusion  pump  oil.  Prior  to  operation  of  the  engine,  the  bell  jar 
was  evacuated  to  approximately  7  x  10" 7  torr.  During  operation  of  the 
engine,  the  bell-jar  pressure  was  about  1  x  10" 5  torr  for  an  argon  pro¬ 
pellant  flow  rate  of  0.09  atmospheric  cc/sec. 


4.3  EVALUATION  OF  ENGINE  PERFORMANCE 
4.3.1  Gas  Distributor  Performance 

The  gas  distributor  consists  of  a  flat,  2-5/8-in. -diam  stainless  steel 
plate  with  nine  symmetrically  spaced  l/4-in.  -diam  holes  centered  on  a 
5/8-in.  radius.  The  cathode  support  rods  are  brought  through  a  3/4-in. 
by  3/8-in.  hole  at  the  center  of  the  distributor.  Observance  of  the  sputtering 
pattern  on  the  accelerator  reveals  that  the  beam  current  density  is  at  a 
maximum  at  the  center  of  the  accelerating  area,  contrary  to  the  optimum 
situation  of  constant  beam  current  density  over  the  entire  accelerating  area. 
The  through-feed  propellant  introduction  method,  and  hence  nonoptimum 
design  of  the  gas  distributor,  is  felt  to  be  the  principal  cause  of  the  un¬ 
favorable  beam  current  density  distribution.  Propellant  introduction  at  the 
periphery  of  the  ionization  chamber  would  probably  improve  ionization 
chamber  performance  as  well  as  result  in  a  more  uniform  beam  current 
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density  distribution  {Ref.  14).  However,  for  the  intended  purpose,  the 
ion  engine  with  simple  through-feed  propellant  introduction  has  been 
found  to  be  satisfactory, 

4.3.2  Magnetic  Field  Characteristics 


The  axial  magnetic  field  is  produced  by  current  flowing  through  a 
solenoidal  winding  of  22  double  turns  of  American  Wire  Gage  (AWG) 

No.  16  enameled  copper  wire.  The  windings  are  supported  by  elec¬ 
trically  insulating  forms  machined  from  hydrous  aluminum  silicate. 

After  heat  treatment,  the  aluminum  silicate  has  a  melting  point  of 
2912°F  and  a  dielectric  strength  of  80v/mil. 

Magnetic  field  windings  providing  a  downstream-to-upstream  mag¬ 
netic  field-strength  ratio  of  approximately  0.6  (field  at  screen/field  at 
distributor)  produce  a  better  ionization  chamber  efficiency  than  that 
resulting  from  a  uniform  field  (Ref.  15).  A  map  of  the  magnetic  field 
strength  along  the  axis  of  the  anode  in  the  region  from  the  gas  distribu¬ 
tor  to  the  screen  is  shown  in  Fig.  22  for  several  values  of  coil  current. 
From  Fig.  22,  it  can  be  seen  that  the  magnetic  field  strength  ratio  for 
the  several  coil  currents  is  about  0.  5,  which  is  adequate  for  proper 
operation  of  the  engine. 

The  magnetic  field  strength  for  the  most  efficient  ionization  cham¬ 
ber  operation  was  determined  experimentally.  It  was  found  that  a  coil 
current  of  15  amp  resulted  in  the  most  efficient  ionization  chamber  per¬ 
formance.  Coil  currents  greater  than  15  amp  yielded  negligible  increases 
in  ionization  chamber  efficiencies,  but  overall  engine  power  efficiency 
dropped  rapidly  because  of  the  added  power  dissipated  in  the  field  coil. 

The  engine  is  usually  run  with  a  coil  current  between  12  and  15  amp. 

4.3.3  Ionization  Chamber  Performance 

The  ionization  chamber  is  5.4  cm  in  diameter  with  a  length-to- 
diameter  ratio  of  0.95.  The  ionization  chamber  efficiency  is  generally 
defined  as  the  energy  dissipated  in  the  chamber  per  beam  ion.  To  accu¬ 
rately  determine  this  efficiency  one  must  account  for  anode  collection 
of  the  electrons  arising  from  the  ionization  process.  The  magnitude  of 
the  collected  electron  current,  attributable  to  the  ionization  process,  has 
been  found  to  be  about  the  same  as  the  ion  beam  current.  The  ioniza¬ 
tion  chamber  efficiency  is  then  defined  as  the  product  of  the  ionization 
chamber  potential  difference  and  total  anode  current  minus  beam  current 
(Ref.  16).  However,  using  the  wiring  and  meter  arrangement  as  shown 
in  Fig.  21,  it  was  possible  to  read  total  anode  current  minus  beam  cur¬ 
rent  directly.  It  would  have  been  informative  to  measure  the  cathode 
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emission  current  and  the  current  drain  to  the  screen  and  propellant  dis¬ 
tributor,  but  this  is  not  essential  for  determining  the  ionization  chamber 
efficiency  and  hence  was  not  done  in  the  present  series  of  experiments. 


The  curves  indicating  the  ionization  chamber  efficiency,  for  this 
particular  ion  engine,  are  shown  in  Fig.  23.  The  energy  per  beam  ion 
is  plotted  against  ionization  chamber  potential  difference  for  a  constant 
beam  current  and  a 'constant  magnetic  field  strength.  Data  for  the  lower 
ionization  chamber  potential  differences  were  inconsistent.  The  reason 
is  that  the  ionization  cross  section  for  argon  decreases,  resulting  in  arc 
instability  and  extinguishment  of  the  anode-cathode  discharge.  The  ion¬ 
ization  chamber  efficiencies,  in  these  experiments,  compare  favorably 
with  those  reported  for  NASA  experimental  and  flight  model  engines 
{Refs.  9  through  16). 


A  factor  affecting  the  probability  of  ionization  by  the  primary  elec¬ 
trons,  emitted  by  the  cathode,  is  the  density  of  the  neutral  propellant  in 
the  chamber.  No  means  was  provided  in  this  investigation  to  measure 
ionization  chamber  pressure  although  the  propellant  flow  rate  was  accu¬ 
rately  measured  with  a  calibrated  orifice.  An  indication  of  the  depend¬ 
ence  of  ionization  chamber  efficiency  upon  propellant  density  and  anode- 
cathode  potential  difference  can  be  obtained  experimentally  by  plotting 
chamber  efficiency  as  a  function  of  potential  difference,  with  propellant 
flow  rate  as  parameter,  while  holding  the  beam  current  constant.  These 
data  are  shown  in  Fig.  24,  It  can  be  seen  that  flow  rates  between 
0.09  atmospheric  cc/sec  and  0.2  3  atmospheric  cc/sec  result  in  essen¬ 
tially  identical  efficiencies.  No  data  were  taken  for  flow  rates  greater 
than  0.23  atmospheric  cc/sec.  The  engine  is  usually  run  at  a  propellant 
flow  rate  of  0.05  atmospheric  cc/sec,  which  yields  a  reasonable  chamber 
efficiency  while  maintaining  an  acceptable  propellant  utilization  efficiency. 
Propellant  utilization  efficiency  is  defined  as: 


=  ■  t— —  x  100  percent 
1  N  E 


(4.  1) 


4.3.4  Cathode  Performance 


The  cathode  for  all  the  data  presented  in  this  report  consisted  of  a 
U-shaped  0.0 19 -in.  -diam,  1-1 /4-in,  -long  tungsten  wire.  The  cathode 
filament  was  found  to  be  a  major  limiting  factor  determining  engine  life¬ 
time.  A  cathode  lifetime  of  about  20  hr  with  beam  currents  up  to  40  ma 
was  experienced.  All  cathode  failures  have  been  the  result  of  mechanical 
shock  with  resultant  parting  of  the  brittle  tungsten  wire,  rather  than  caused 
by  electrical  burnout.  One  experiment,  of  l/2-hr  duration,  was  performed 
using  a  barium-oxide- coated,  0,019-in.  -diam  tungsten  wire  placed  inside 
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a  tightly  wound  spiral  of  0.  005-in.  -diam  tungsten  wire.  No  binder  was 
added  to  the  oxide,  and  unexplained  anode-cathode  arcing  (not  observed 
with  tungsten  wire  cathode)  resulted  in  rapid  loss  of  the  oxide.  However, 
for  a  specific  setting  of  engine  operating  parameters,  the  heater  power 
required  by  the  oxide-coated  cathode  was  about  40  percent  lower  than 
that  for  the  plain  tungsten  wire  cathode.  A  properly  designed,  oxide- 
coated  cathode  should  substantially  increase  the  cathode  lifetime  as  well 
as  the  overall  engine  power  efficiency. 

Considering  small  changes  of  the  various  engine  operating  param¬ 
eters,  about  a  stable  operating  point,  the  magnitude  of  beam  current  is 
most  sensitive  to  changes  in  neutral  propellant  flow  and  cathode  heater 
power.  The  experimentally  determined  interrelationship  between  beam 
current,  neutral  flow  rate,  and  cathode  heater  power  is  shown  in  Fig.  25. 
There  is  an  inherent  error  in  these  data  because  of  the  presence  of  multiple 
charged  beam  ions.  A  perusal  of  data  showing  the  percentage  of  multiple 
charged  argon  ions  as  a  function  of  bombarding  electron  energy  shows  that 
this  error  is  probably  less  than  10  percent  (Ref.  17).  From  Fig.  25  it  can 
be  seen  that  the  propellant  utilization  efficiency  is  not  as  high  as  might 
be  desired,  but  is  adequate  for  ion  beam  diagnostic  experiments  and  devel¬ 
opment  of  engine  operation  monitoring  techniques.  The  propellant  utiliza¬ 
tion  efficiency  has  been  found  to  increase  with  the  mass  of  the  propellant 
particles,  and  improved  performance  should  be  observed  with  xenon, 
cesium,  or  mercury.  A  propellant  utilization  efficiency  of  about  1  percent 
was  noted  using  hydrogen. 

4.3.5  Accelerator  Performance 


The  electrostatic  accelerator  consists  of  two  flat  stainless  steel 
plates  match  drilled  with  3/ 16-in.  -diam  holes.  The  centers  of  the  holes 
are  set  at  the  apex  of  equilateral  triangles  with  0.254-in.  sides.  The 
screen  plate  is  held  at  a  high  positive  potential  and  the  accelerator  plate 
is  held  at  a  negative  potential;  both  potentials  are  referenced  to  labora¬ 
tory  ’’ground."  The  screen  and  accelerator  are  mechanically  spaced  and 
electrically  insulated  by  small  aluminum  oxide  spheres.  The  maximum 
engine  run  time  for  beam  currents  40  ma  and  less  is  limited  to  about  15  hr 
because  of  electrical  breakdown  across  these  spacers  as  the  result  of  con¬ 
tamination  by  sputtered  stainless  steel  particles.  This  problem  could 
easily  be  solved  by  a  somewhat  more  complicated  mechanical  design  of 
the  screen  and  accelerator  (Ref.  10)  such  that  there  is  no  line-of-sight 
path  from  the  screen-accelerator  space  to  the  spherical  insulators. 

Accelerator  plate  impingement  is  largely  determined  by  acceleration 
system  optics  and  charge  exchange  collisions  of  beam  ions  with  neutrals 
in  the  interelectrode  space  (Ref.  18).  For  the  present  case,  accelerator 
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plate  impingement  was  only  about  2  percent  of  the  beam  magnitude  for 
beam  currents  up  to  40  ma  and  test  cell  background  pressures  of 
about  1  x  10-5  torr.  This  low  level  of  impingement  at  these  magnitudes 
of  beam  current  has  presented  no  accelerator  plate  and  engine  lifetime 
problems. 

For  steady-state  laboratory  operation  of  a  well-neutralized  beam 
at  low  background  pressure  (<  1  x  10~5),  beam  divergence  is  principally 
determined  by  accelerator  system  optics  (Ref.  19).  Beam  divergence  is 
an  important  measure  of  accelerator  system  performance  since  diver¬ 
gence  adversely  affects  the  thrust  output  of  an  ion  engine. 

Radial  ion  beam  density  profiles  and  beam  divergence  were  obtained 
with  an  impingement-type  probe  similar  to  that  described  in  Ref.  1. 

The  probe  and  associated  circuitry,  shown  schematically  in  Fig.  26, 
permits  operation  of  the  probe  as  an  electron  emissive  probe  for  plasma 
potential  measurements  as  well  as  for  ion  beam  density  measurements. 

To  measure  ion  beam  density,  the  probe  heater  current  was  set  at  a 
value  sufficient  to  maintain  a  clean  probe  surface  but  below  the  thermionic 
emission  threshold.  The  probe  was  then  biased  negatively  to  repel  elec¬ 
trons,  and  the  ion  beam  impingement  current  to  the  probe  was  indicated 
on  a  microammeter.  Radial  beam  current  density  profiles  recorded  at 
three  axial  positions  in  the  beam  are  presented  in  Fig.  27.  From  these 
data  it  can  be  seen  that  the  half-angle  beam  divergence  is  about  17  deg 
for  the  particular  accelerator  system  conditions  stated  and  a  background 
pressure  of  about  2  x  10~5.  This  value  of  beam  divergence  is  somewhat 
greater  than  the  10-deg  divergence  quoted  in  Ref.  20  for  a  20-cm  ion 
engine;  however,  no  further  attempts  were  made  to  optimize  accelerator 
optics.  The  dips  in  the  density  profiles  at  the  geometric  center  of  the 
beam  emitting  area  are  thought  to  be  caused  by  the  physical  presence  of 
the  cathode  and  relatively  reduced  degree  of  ionization  along  the  center- 
line  of  the  ionization  chamber.  This  results  in  a  reduced  beam  current 
at  the  centerline  relative  to  the  two  maximum  peaks  adjacent  to  the 
centerline.  Only  relative  indications  of  the  ion  beam  density  are  quoted  for 
this  impingement  probe  because  of  the  V0  and  temperature  dependent 
electron  emission  effect  which  was  previously  discussed  in  Section  II. 

4.3.6  Nouiraliier  Performance 


One  measure  of  the  effectiveness  of  an  ion  engine  neutralizer  is  the 
magnitude  of  the  potential  which  the  beam  is  forced  to  attain  to  extract 
sufficient  electrons  from  the  neutralizer,  when  all  other  sources  of 
neutralizing  electrons  have  been  effectively  eliminated  (Ref.  20). 

For  this  particular  ion  engine  the  neutralizer  consisted  of  a  U-shaped, 
electrically  heated  0. 019-in. -diam  tungsten  wire  and  was  normally 
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biased  at  a  positive  level  to  prevent  electron  flow  to  surrounding  equip¬ 
ment  at  "ground"  potential.  The  neutralizer  was  placed  3/4  in.  down¬ 
stream  from  the  accelerator. 

The  cooled  copper  baffle  used  to  reduce  diffusion  pump  oil  back- 
streaming  from  the  diffusion  pump  was  initially  used  to  terminate  the 
ion  beam;  an  electrically  floating  stainless  steel  plate  was  used  later. 

It  was  originally  planned  to  depend  on  secondary  electron  emission 
from  the  copper  baffle  for  neutralization  of  the  ion  beam  during  initial 
checkout  of  the  engine.  However,  after  several  hours  of  engine  opera¬ 
tion,  the  baffle  became  coated  with  a  grease-like  substance  which  re¬ 
duced  the  supply  of  secondary  electrons  to  the  point  that  a  neutralizer 
was  required  for  stable  operation  of  the  engine.  The  grease-like  sub¬ 
stance  is  apparently  the  cracking  product  of  diffusion  pump  oil  that  is 
subjected  to  energetic  charged  particle  bombardment.  Under  this  condi¬ 
tion  of  ion  beam  termination,  the  magnitude  of  the  neutralizer  electron 
emission  current  was  essentially  the  same  as  the  ion  beam  current, 
and  plasma  potential  measurements,  referenced  to  laboratory  "ground,  " 
follow  closely  the  positive  bias  on  the  neutralizer.  Although  this 
method  of  ion  beam  termination  and  resultant  neutralizer  evaluation  is 
less  desirable  than  using  an  electrically  floating  metal  collector,  it  was 
considered  adequate  for  a  preliminary  evaluation  of  neutralizer  effec¬ 
tiveness. 

Measurements  of  plasma  potential  were  taken  with  an  electron 
emissive  probe  similar  to  that  described  in  Refs.  1,  2,  and  3  and 
shown  schematically  in  Fig.  26.  With  the  probe  filament  heated  to  emit 
an  electron  current  much  greater  than  the  collected  "Langmuir"  elec¬ 
tron  current  for  the  probe  bias  range  of  interest,  increases  in  probe 
bias  produce  a  potential  at  which  total  probe  current  is  zero.  The  probe 
bias  for  zero  probe  current  is  taken  as  an  indication  of  mean  plasma 
potential  at  a  particular  probe  position  and  is  estimated  to  be  accurate 
within  1.5v.  A  more  accurate  determination  of  plasma  potential  can  be 
made  with  the  emissive  probe  but  for  an  initial  evaluation  of  neutralizer 
effectiveness,  the  1.  5- v  accuracy  is  considered  sufficient.  A  reasonable 
criterion  for  assessment  of  neutralizer  effectiveness  is  that  the  potential 
difference  between  the  neutralizer  and  plasma  be  15  v  or  less  (Ref.  1). 

The  first  neutralizer  configuration  to  be  investigated  consisted  of  two 
U-shaped  tungsten  filaments  each  immersed  3/4-in.  into  the  beam  and 
diametrically  positioned  along  a  diameter  of  the  5-cm-diam  beam  emitting 
area.  Radial  profiles  of  plasma  potential  taken  at  two  axial  distances 
from  the  accelerator  are  shown  in  Fig.  28.  -.As  can  be  seen  from  these 
data,  the  use  of  two  neutralizer  filaments  resulted  in  slightly  more  effec¬ 
tive  neutralization  of  the  ion  beam  than  when  only  one  neutralizer  was  used. 
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According  to  the  effectiveness  criterion  above,  however,  the  slight 
advantage  of  two-neutralizer  operation  is  of  academic  interest  only. 

Erosion  of  the  neutralizer  caused  by  sputtering  limited  its  life¬ 
time  to  about  20  hr  for  2000-ev  beam  particles  and  beam  currents  up 
to  40  ma.  An  effort  was  made  to  increase  the  neutralizer  lifetime 
by  placing  the  neutralizer  at  the  edge  of  the  beam  emitting  area  to 
reduce  the  sputtering  damage.  The  lifetime  increased  slightly  but  the 
neutralization  effectiveness  decreased  as  indicated  by  an  increased 
plasma  potential  throughout  the  beam. 

An  axial  plasma  potential  profile  was  plotted  for  two  neutralizer 
wires  immersed  1/4  in,  into  the  beam  emitting  area  and  diametrically 
positioned.  This  was  compared  with  an  axial  profile  obtained  using  two 
neutralizers  immersed  1  in.  into  the  beam,  also  diametrically  posi¬ 
tioned.  Each  axial  profile  was  taken  with  the  probe  located  on  a  line 
leading  from  the  geometric  center  of  the  beam  emitting  area.  The  axial 
potential  profiles  are  shown  in  Fig.  29.  From  these  data,  it  can  be  seen 
that  closer  electrical  coupling  of  the  neutralizer  with  the  ion  beam  is 
effected  by  deeper  neutralizer  immersion.  Except  for  the  lifetime  prob¬ 
lem,  the  simple  immersed  wire  neutralizer  is  deemed  satisfactory  for 
ion  beam  diagnostic  investigations.  However,  the  a-c  voltage  gradient 
across  the  neutralizer  wire  caused  by  the  heating  current  does  modulate 
the  magnitude  of  the  plasma  potential.  This  modulation  necessitates 
interpretation  of  the  data  so  that  mean  values  for  slow  time  response 
plasma  potential  probes  are  obtained  or  the  use  of  fast  response  probe 
circuitry  for  more  definitive  plasma  potential  data. 

4.3.7  Overall  Engine  Power  Efficiency 

Heat  radiation  is  the  primary  mechanism  for  cooling  of  the  engine, 
with  the  equilibrium  temperature  of  the  engine  being  functionally  depend¬ 
ent  on  the  magnitude  of  the  beam  current.  Operation  of  the  engine  at  a 
beam  current  level  of  100  ma  resulted  in  an  engine  temperature  sufficient 
to  cause  melting  and  electrical  breakdown  of  several  nylon  insulators  and 
limited  stable  operation  of  the  engine  to  less  than  1  min.  However,  opera¬ 
tion  at  beam  currents  of  40  ma  and  less  allowed  stable  operation  of  the 
engine  for  several  hours.  An  improvement  in  this  engine  would  be 
replacement  of  the  nylon  insulated  feedthroughs  with  ceramic  insulated 
feedthroughs.  Slight  warping  of  some  engine  parts  has  also  directed 
attention  to  the  advisability  of  engine  operation  at  the  most  efficient  setting 
possible  for  a  certain  beam  power.  The  overall  engine  power  efficiency  is 
defined  as: 

,  _ _ hh _ 

p  vtiB  +  Av,i,  +  AVMIM  +  A v p i F  +  (vi  +  vA)  fA  (4.  2) 
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I  The  relationship  of  overall  engine  power  efficiency  as  a  function  of  anode- 
cathode  potential  difference  is  shown  in  Fig.  30.  The  decreasing  effi- 
i  ciency  with  increasing  anode -cathode  potential  difference  is  mainly 
1  caused  by  increasing  anode-cathode  discharge  losses  since  the  magnetic 
field  loss,  the  accelerator  drain  loss,  and  the  beam  power  are  all  practi¬ 
cally  constant  and  the  cathode  heater  power  loss  varies  only  slightly. 

The  engine  is  usually  run  at  the  lowest  anode-cathode  potential  difference 
possible  for  a  certain  neutral  propellant  flow  rate.  The  magnetic  field 
loss  at  12-amp  coil  current  is  48  w,  and  the  use  of  a  permanent  magnet 
system,  such  as  discussed  in  Ref.  15,  would  eliminate  this  power  loss 
completely.  For  the  data  of  Fig.  30,  the  mean  cathode  heater  power  is 
69.  3  w.  A  properly  designed  oxide-coated  cathode  could  reduce  this  loss 
by  at  least  40  percent.  With  these  improvements,  this  ion  engine  could 
readily  achieve  an  overall  power  efficiency  of  50  percent  at  40  ma  beam 
current  and  2000  v  net  acceleration.  Higher  efficiencies  are  noted  for 
higher  beam  currents  and  higher  net  accelerating  voltages. 


The  maximum  specific  impulse  that  was  obtained  with  this  engine 
was  4500  sec  at  a  thrust  level  of  2.  7  x  (10-3)  newtons  where  specific 
impulse  is  expressed  as 

'•»  ■  ”«  7 

and  V  is: 

V  =  2  -s-  Vi 

m  1 

The  thrust  was  calculated  using  the  following  expression 

Th  =  2  -EL  Vile  (4.5) 


(4.3) 

(4.4) 


4.4  CONCLUSIONS 

An  economically  constructed  laboratory-type  ion  engine  was  found 
adequate  for  ion  beam  diagnostic  investigations  and  development  of  ion 
engine  operation  monitoring  procedures  for  extended  periods  of  testing. 

The  experimental  arrangement  consisting  of  an  ion  engine  and  asso¬ 
ciated  power  supplies  with  a  bell-jar  vacuum  system  provides  a  system 
capable  of  rapid  installation,  checkout,  and  removal  of  ion  beam  diag¬ 
nostic  devices  with  several  bleedup  and  pumpdown  cycles  of  the  vacuum 
system  being  possible  in  one  day. 

The  performance  characteristics  of  the  engine  reveal  operating 
parameters  realistically  approximating  those  of  flight  model  electron 
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bombardment  ion  engines.  The  unit  has  the  attractive  capability  of 
operation  with  virtually  any  propellant  gas  or  vapor  compatible  with  the 
engine  materials. 


SECTION  V 
LATERAL  ION  PROBE 


5.1  INTRODUCTION 

Another  source  tending  to  reduce  the  efficiency  of  an  operating  ion 
engine  stems  from  the  acceleration  of  ions  in  a  direction  normal  to  the 
exhaust  axis.  Since  these  laterally  or  transversely  directed  ions,  that 
are  present  because  of  grid  misalignment,  produce  no  useful  thrust  they 
should  be  minimized  to  yield  optimum  engine  operation.  It  is  for  this 
reason  that  an  ion  probe  was  developed  to  measure  these  laterally  or 
transversely  directed  ions. 

When  an  object  is  immersed  in  a  highly  energetic,  highly  ionized 
exhaust  beam,  a  wake  of  charged  particles  is  produced.  The  charge 
distribution  of  this  wake  was  evaluated  and  found  to  consist  of  randomly 
moving  ions  in  a  direction  predominantly  normal  to  the  engine  exhaust 
axis,  and  measurements  were  made  to  ascertain  their  velocity  com¬ 
ponent  normal  to  the  exhaust.  The  measurements  were  made  by  inserting 
a  guard-ring  Langmuir  probe  (Ref.  17)  into  a  plasma  stream,  and  the 
probe  current  was  measured  as  a  function  of  variations  in  probe  voltage, 

A  characteristic  plot  of  this  relationship  is  shown  in  Fig.  31,  Plotting 
the  logarithm  of  the  probe  current  as  a  function  of  the  probe  voltage 
resulted  in  essentially  a  straight  line  curve.  This  is  shown  in  Fig.  32. 

In  view  of  the  straight  line  region  of  the  logarithmic  plot  in  Fig,  32,  it 
may  be  shown  that  the  electrons  having  Maxwellian  distribution  and  their 
temperatures  may  be  determined  from  the  slope  of  the  line.  The  equa¬ 
tion  to  be  used  for  ascertaining  the  temperature  is: 


The  average  velocity  of  the  particles  may  be  calculated,  and  they  are 

found  to  be  greater  (1  x  10*3  m/sec)  than  the  directed  velocity 

(8.  7  x  104  m/sec)  of  the  ions  determined  from  the  known  accelerating 

potential. 


5.2  EXPERIMENTAL  APPARATUS 

The  charge  distribution  behind  the  wake  of  an  object  placed  in  a 
highly  energetic,  highly  ionized  plasma  was  measured  with  a  Langmuir 
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probe  located  behind  a  circular  disk.  A  plane  guard-ring-type  Langmuir 
probe  was  constructed  of  brass  to  obtain  the  volt-ampere  characteristics 
at  various  positions  behind  the  disk.  The  probe  and  the  disk  were  biased 
at  various  potentials  so  that  charge  distribution  profiles  behind  the  disk 
could  be  obtained. 

The  plane  area  of  the  probe  exposed  to  the  beam  was  0.  052  in.  in 
diameter,  the  guard-ring  was  0,  191  in.  in  diameter  with  a  hole  placed 
in  the  center  approximately  0.  67  in.  in  diameter.  Both  the  probe  and 
guard- ring,  mounted  in  a  boron- nitride  housing,  were  electrically  insu¬ 
lated  from  each  other  and  in  such  a  way  that  the  voltage  on  both  probe 
and  guard-ring  could  be  individually  controlled.  The  probe  was  mounted 
rigidty  to  the  spool  piece  coupling  the  valve  and  the  bell- jar  experiment 
housing.  The  experiment  is  shown  in  Fig,  33.  Mounted  above  the  probe 
was  a  movable  shield  composed  of  a  1/2-in. -diam  wafer  of  thin  stainless 
steel.  The  shield  could  be  moved  both  horizontally  and  vertically.  The 
vertical  position  was  indicated  by  a  pointer  appended  to  the  movable 
carriage  which  moved  along  a  6-in.  steel  scale  glued  directly  to  the  brass 
dovetail  traverse.  The  horizontal  position  was  indicated  by  the  use  of  a 
dial  indicator  (accuracy  of  ±0.  0005  in.)  from  which  the  shield  was  directly 
mounted  so  that  verjr  little,  if  any,  error  would  be  introduced  from  any  of 
the  powering  devices  such  as  the  worm  gear.  The  traversing  system  was 
driven  by  small  d-c  motors;  the  horizontal  motor  has  a  speed  of  approxi¬ 
mately  6  rpm,  and  the  vertical  motor  a  speed  of  approximately  80  rpm. 

For  the  acquisition  of  volt-ampere  characteristics,  the  electronic 
apparatus  shown  in  Fig.  34  was  employed.  The  current  from  the  probe 
passed  through  a  200-ohm  precision  resistor.  Each  side  of  the  resistor 
was  connected  to  the  inputs  of  a  difference  amplifier.  The  output  of  the 
difference  amplifier  was  then  fed  to  the  y  coordinate  of  an  x-y  plotter. 

The  saw-tooth  generator  was  used  to  bias  a  probe.  It  was  also  used  to 
drive  the  x  coordinate  of  the  recorder. 

The  guard  ring  was  connected  to  an  isolation  amplifier  which  per¬ 
mitted  a  current  no  larger  than  10_9  amp  to  flow  through  the  amplifier 
onto  the  saw-tooth  voltage  sweep.  By  means  of  this  device  it  was  possible 
to  hold  the  guard  ring  and  the  probe  at  the  same  potential  and  did  not  per¬ 
mit  any  appreciable  amount  of  guard-ring  current  to  be  recorded. 


5.3  EXPERIMENTAL  PROCEDURE 

From  Fig.  31  it  is  seen  that  the  probe  current  remains  essentially 
constant  from  about  4.  0  v  (as  the  probe  voltage  is  decreased).  Therefore, 
the  probe  was  operated  at  approximately  Ov’so  that  the  positive  ion  cur¬ 
rent  could  be  measured.  Previous  data  indicated  that  the  floating  potential. 
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or  the  neutralizer  bias,  was  approximately  6.0  v.  Therefore,  for  each 
space  positioning  of  the  shield  the  data  are  recorded  at  both  of  these 
bias  potentials  before  the  shield  is  moved  to  another  position.  Figure 
35  shows  the  experimental  arrangements  used  in  acquiring  probe  cur¬ 
rent  data  as  a  function  of  the  horizontal  positioning  of  the  shield  with 
respect  to  the  vertical  shield  position  (the  probe  bias  and  the  shield 
voltage  were  held  constant  for  each  series  of  runs).  Two  biases  were 
placed  upon  the  probe  at  ground  potential  and  also  at  6  v.  Since  previous 
experience  indicates  that  a  negligible  difference  in  the  amount  of  current 
collected  within  this  range  existed  at  the  small  applied  bias  potential 
voltages,  the  use  of  a  floating  guard  ring  was  justified.  The  engine  was 
operated  at  a  positive  potential  of  approximately  1.6  kv,  and  the  negative 
supply  was  approximately  -400v.  The  magnet  current  was  12  amp,  the 
anode  potential  was  75  v,  and  the  neutralizer  current  was  16  amp.  The 
cathode  filament  was  heated  to  such  a  level  that  the  positive  ion  current 
reading  (the  probe  held  at  0  v)  was  approximately  2.6  to  2.  7  ,yamp.  A  neg¬ 
ative  current  (probe  held  at  0  v)  of  approximately  3  juamp  was  measured 
when  the  shield  was  displaced  at  the  bottom-most  position  and  moved  to 
the  side  so  that  the  probe  would  not  be  obstructed  from  the  beam.  At  the 
time  of  measurement,  no  voltage  was  applied  to  the  shield. 

From  Fig.  36  it  may  be  seen  that  any  small  variation  in  heater  cur¬ 
rent  to  the  neutralizer  produced  only  an  imperceptible  change  in  electron 
current  to  the  probe.  This  is  true  since  the  neutralizer  current,  at  this 
value,  is  spacecharge  limited.  Argon  gas  was  used  in  these  experiments 
and  the  flow  rate  was  approximately  8  x  10~5  gm/sec  since  at  this  flow 
rate  the  most  stable  beam  characteristics  were  obtained.  The  total  beam 
current  under  these  conditions  was  approximately  10  ma. 


5.4  RESULTS  AND  DISCUSSION 

The  positive  charge  distribution  of  a  wake  at  various  increments 
downstream  from  the  source  is  shown  in  Figs.  37  through  41.  In  evaluat¬ 
ing  these  and  subsequent  data  it  must  be  borne  in  mind  that  the  probe  was 
finite  in  size,  and  as  the  shield  passed  in  front  of  the  probe  the  amount  of 
current  collected  behind  the  edge  of  the  shield  would  be  distorted  in  such 
a  manner  as  shown  in  Fig.  42.  That  is,  a  virtual  void  of  positive  charged 
particles  existed  in  the  region  immediately  behind  the  disk  and  developed 
into  a  conical- shaped  void  filling  behind  the  disk. 

For  a  potential  of  0  v  upon  the  shield,  the  charged  particle  density 
in  the  wake  increases  in  a  smooth  transition  from  a  region  of  essentially 
no  positively  charged  particles  at  a  position  of  0.  1  in.  behind  the  probe 
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i  (Fig.  37)  to  the  distribution  shown  in. Fig.  41  for  a  shield  which  is  dis¬ 
placed  approximately  4.  1  in.  from  the  probe.  The  negative  potentials 
(-50  and  -100  v)  were  applied  to  the  shield.  The  apex  angle  of  the 
charged  particle  conical  void  increased  as  was  expected.  The  potential 
contour  plots  are  shown  in  Figs.  43,  44,  and  45.  Figures  46  through 
50  show  the  results  of  the  measurements  taken  with  the  probe  biased  at 
6  v  and  at  0  v.  Figures  46  and  47  show  a  fairly  symmetrical  pattern  for 
all  three  shield  biased  voltages;  however,  in  Figs.  48,  49,  and  50  only 
a  semblance  of  the  symmetrical  pattern  for  the  case  of  0  v  upon  the 
shield  is  shown,  and  in  all  other  cases  the  essentially  completely  random 
pattern  is  experienced.  The  data  from  the  two  sets  of  current  readings 
were  subtracted  and  the  results  were  plotted  in  Figs.  51,  52,  and  53. 
From  these  figures  a  rather  symmetric  pattern  is  indicated,  especially 
for  the  case  of  a  shield  bias  potential  of  0  v,  and  in  the  case  of  -50  and 
-100  v  a  much  more  symmetrical  pattern  is  observed  than  those  in  the 
curves  plotted  from  the  data  taken  with  approximately  6  v  biased  upon 
the  probe.  From  Figs.  51  and  53,  it  can  be  seen  that  an  electrogas- 
dynamic  wake  was  detected  with  the  experimental  apparatus,  bearing 
out  qualitatively  the  theoretical  predictions. 


5.5  CONCLUSIONS 

The  charge  distribution  in  the  region  behind  a  body  placed  in  a  high 
velocity,  low  density,  highly  ionized  plasma  was  analyzed  by  means  of 
a  guard-ring  Langmuir  probe,  and  it  was  determined  that  an  electrogas - 
dynamic  wake  existed.  Furthermore,  by  making  use  of  the  variation  in 
the  positive  charge  particle  distribution  in  a  given  spatial  region  of  this 
wake,  and  by  correlating  this  variation  with  theory  or  by  means  of  an 
independent  experiment  to  determine  the  "lateral"  random  ion  velocity, 
a  material  probe  can  be  developed  to  directly  indicate  the  "lateral  ion 
temperature"  of  the  plasma. 
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0. 005-in.  -diam  T ungsten  Wire 
High  Temperature  Cement 

Spot  Weld 

Ceramic  Insulation  Material 
Nickel-Steel  Support  Rods  and 
Current  Leads 
Nickel-Steel  Shield 


Probe  Current  Leads 

Fig.  1  Emissive  Probe  Construction  Details 
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Fig.  3  Vacuum  System,  Engine  Power  Supply,  Instrumentation  Rack,  and  Related  Equipment 
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Neutralizer  Heater 
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Probe  Heater 
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Probe  Emissive 
Current  Pulses 


Typical  Oscilloscope  Presentations 


Variac 


Digital 

Voltmeter 


Probe 


Probe  Current 
Sensing  Resistor! 


Switch  Position  1  for  Langmuir  Probe  Characteristic 
Switch  Position  2  for  Emissive  Probe  Characteristic 
Switch  Position  3  for  Floating  Emissive  Probe  Data 


Oscilloscope 


Fig.  4  Circuitry  for  Obtaining  Langmuir  and  Emissive  Probe  Characteristics 
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Probe  Bias,  v 

Fig.  6  Longmuir  Probe  Characteristics  (Temperature  Effects) 


38 


O  Neutralizer  Bias  s  6.272  v 
a  Neutralizer  Bias  =  23.35  v 
□  Neutralizer  Bias  =  46. 90  v 


-60  -50  “40  -30  -20  -10  0 

Probe  Bias,  v 

o.  Probe  Temperature  -  815°C 


Fig.  7  Effect  of  Temperature  and  Total  Accelerating  Voltage  on  Emissive  Probe  Current 


Log  Probe  Emission  Current,  pa 
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Fig.  8  Emissive  Probe  Characteristics 
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Fig.  14  Theoretical  and  Experimental  Electron  Current  Plots  for  the  Double  Probe  Method 
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Fig.  IS  Double  Probe  Temperature  Determination  Plot 
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Fig.  17  Block  Diagram  and  Voltage  Waveforms  of  Circuitry  for  Monitoring  Te  with  the  Double  Probe 
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Fig.  18  Basic  Magnetoresistonce  Bridge  Anolog  Division  Circuit 
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Ion  Denitty 


Fig.  19  Circuitry  for  Readout  of  Electron  Temperature  ond  Ion  Density  from  o 
Double  Langmuir  Probe 
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Fig.  20  5-cm  Electron  Bombardment  Ion  Engine  and  Probe  Mounting  System 
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Magnetic  Field  Coil 


Schematic  of  Ion  Engine  and  Power  Sgppl 
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Magnetic  Field  Coil  Current,  amp 


o  10 


Inches  from  Propellant  Distributor 


Fig.  22  Magnetic  Field  Strength  versus  Distance  from 
Propellant  Distributor 
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Ion  Chamber  Loss,  electron-volts/beam  ion 
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\  v  in^ 


Ionization  Chamber  Potential  Difference,  AVp  v 


Pig.  23  Ionization  Chamber  Efficiency  versus  Chamber  Potential  Difference 


amber  Loss, 
s/beam  ion 


Ion  Beam  Current,  Id,  amp 
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Cathode  Heating 
Sym  Power,  w,  pp 

30  Note:  Anode  at  2000  v,  Accelerator  at  -800  v, 


Fig.  25  Ion  Beam  Current  versus  Neutral  Propellant  Flow  Rate 
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Radial  Inches  from  Geometric  Center  of  Beam  Emitting  Area 


Fig.  26  Radial  Ion  Beam  Density  Profile  (Impingement  Probe) 


AEDC -TR-6S-233 


Fig,  27  Emissive  Probe  and  Ian  Beam  Impingement  Probe  Circuitry 


AEDC-TR -66-233 


Axial  Position  of  Emissive  Probe 
from  Accelerator  Grid 

a  1-3/8  in.,  One  Neutralizer  Operative 
a  1-3/8  in..  Two  Neutralizers  Operative 
o  6-3/8  in.,  One  Neutralizer  Operative 
•  6-3/8  in. ,  Two  Neutralizers  Operative 


Note:  Ion  Engine  Anode  at  2000  v, 
Accelerator  at  -400  v, 

Total  Beam  Current  -  20  ma, 
Neutralizer  Biased  at  +6  v, 
Neutralizer  Wire  Immersed 
3/4  in.  into  Beam  Emitting  Area 


3  2  1  0  12  3 

Radial  Inches  from  Geometric  Center  of  Beam  Emitting  Area 


Fig.  28  Radial  Platma  Potential  Profile 
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to 


□  One  Neutralizer  Operative 
■  Two  Neutralizers  Operative 


1/4-in.  Immersion 


Axial  Inches  from  Accelerator  Grid  on  Geometric  Centerline  of  Beam  Emitting  Area 


Fig.  29  Axial  Plasma  Potential  Profile 
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Overall  Engine  Power  Efficiency, 
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Fig.  30  Power  Efficiency  versus  Ionization  Chamber  Potential 
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Probe  Voltage,  v 


Fig.  31  Probe  Voltage-Current  Curves  in  the  Ambient  Plasma  Stream 
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Probe  Current,  amp 
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Fig.  33  Probe,  Shield,  and  Traverse  System 
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Fig.  34  Langmuir  Characteristic  Equipment  Schematic 
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Fig.  35  Woke  Investigation  Equipment  Schematic 


68 


AEDC-Tff.66-233 


Shield  Bias,  v 
o  0 
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Fig.  37  Positive  Charge  Distribution  in  the  Woke  (Shield  0.1  in.  from  Probe) 
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ge  Distribution  in  the  Woke  (Shield  1.1  in.  from  Probe) 
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□  -100 

Shield  2. 1  in.  from  Probe 
0-v  Bias  on  Probe 


Inches 

Fig,  39  Positive  Charge  Distribution  in  the  Wake  (Shield  2,1  in.  from  Probe) 
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Shield  Bias,  v 
o  0 

*  -  50 

o  -100 


Shield  4.1  in.  from  Probe 
0-v  Bias  on  Probe 


Inches 

Fig.  41  Positive  Charge  Distribution  in  the  Wake  (Shield  4.1  in.  (ram  Probe) 
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a/A 


d/D 


Fig,  42  Area  of  Probe  Exposed  os  it  Passes  under  the  Shield 
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0  v  on  Shield 
O-v  Probe  Bias 
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Fig.  43  Contour  Plot  of  Positive  Ions  in  the  Woke  (0  v  on  Shield) 
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Fig.  4 6  Current  Distribution  Collected  by  Probe  Biased  6.0  v 
(Shield  0.1  in-  from  Probe) 
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Fig.  48  Current  Distribution  Collected  by  Probe  Biased  6.0  v 
(Shield  2.1  in.  from  Probe) 
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Fig.  50  Currant  Distribution  Collected  by  Probe  Biased  6.0  v  i 
(Shield  4.1  in.  from  Probe) 
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Probe  Current  Difference  (+  6  v  -  Ov  ),  amp  x  10^ 


AEDC-TR- 66-233 


-3  h 


"2  h 


-1  \- 


+  1  h 


+2 


Shield  Vertical 
Distance  from 
Probe,  in. 


<> 

o 

Q 


0.1 

1.1 

2.1 

3.1 

4.1 


Shield  Bias 
Ov 


0.2 


0.4  0.6 

Inches 


0.8 


1.0 


Fig.  5!  Probe  Current  Difference  (0  v  on  Shield) 
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Probe  Current  Difference  (+  6  v  -  0  v  ),  amp  x  106 
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Fig.  52  Probe  Current  Difference  (  -50  v  on  Shield) 
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